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BRUSHLESS DIRECT CURRENT (BLDC)
MOTOR BASED LINEAR OR ROTARY
ACTUATOR FOR HELICOPTER ROTOR
CONTROL

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s related to U.S. patent application Ser.
No. 00025353USU, filed simultaneously herewith, the con-
tents of which are incorporate by reference herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an actuator for a rotor blade
of a helicopter. More particularly, the present invention
relates to a BLDC motor based actuator that 1s integrated in
the profile of a rotor blade of a helicopter. Still more particu-
larly, the present invention relates to a BLDC motor based
actuator, that 1s integrated 1n the profile of a rotor blade of a
helicopter, for manipulating active control surfaces that con-
trol the orientation of a rotor blade for primary flight control
(PFC) and higher-harmonic control (HHC).

2. Description of Prior Art

The performance of a helicopter in the military 1s highly
critical during combat situations and traiming missions. The
operation and performance of particularly, the rotor blades of
the helicopter 1s significant to the overall operation of the
helicopter. The vertical lift and the forward and lateral move-
ment of the helicopter are all made possible by the operation
of the rotor blades.

A swashplate around the rotating shaft of a helicopter 1s
currently used to mechanically control the movement of 1ndi-
vidual blades to adjust their pitch around the azimuth for rotor
thrust control (tilt of thrust and thrust magnitude). Recently,
trailing-edge flaps have been used on the rotor blade in an
attempt to control the higher harmonics of the blades during
tlight to minimize vibration and noise. Such flaps on the rotor
blades are not capable of controlling the primary flight char-
acteristics of the rotor blade. Currently, some helicopters 1n
service rely on servo-flaps (attached to trailing edges) for
primary flight control but still use the swashplate to transmit
flight control commands to the flaps. However, rapid opera-
tion of the flaps to manipulate the orientation of the rotor

blade for primary tlight control as well as the higher harmonic
control 1s needed.

Therelore, there exists a need for a device that can rapidly
adjust the control surfaces, leading edge slats and trailing
edge tlaps, of the rotor blades of a helicopter to provide
improved thrust and efficiency and to control the orientation
of the blades to decrease the noise and vibration. Additionally,
such a device preferably 1s fully integrated in the rotor blade
of a helicopter.

SUMMARY OF THE INVENTION

It 1s an object of the present invention to replace the swash-
plate of a helicopter with a mechanism that 1s capable of
controlling the primary flight control (PFC) and/or the higher
harmonic control (HHC) of the rotor of a helicopter.

It 1s also an object of the present invention to replace the
swashplate of a helicopter with a mechanism that 1s prefer-
ably a fully integrated system which completely fits within
the 1nterior profile of the rotor blade.
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It 1s a further object of the present invention to replace the
swashplate of a helicopter with trailing-edge flaps on the rotor
blades whose movement 1s controlled by a BLDC motor
based actuator.

It 1s yet a further object of the present invention to reduce
the overall weight, drag, noise and vibration of the rotor of a
helicopter by replacing the swashplate of the rotor with tlaps
that are actuated by a BLDC motor based actuator that pret-
erably includes a high power BLDC motor operatively con-
nected to a roller or ball screw, or a, a planetary gear set, to
achieve the right combination of force/torque, stroke and
frequency required for moving the rotor flaps. Preferably, the
high power BLDC motor incorporates rare earth magnet tech-
nology, such as NdFeB, Samarium Cobalt, etc.

It 1s still yet a further an object of the present invention to
control the actuation of the rotor flaps with a BLDC motor
based actuator having suificient force and torque such that 1t

1s capable of effecting both PFC and HHC of the rotor blades.

It 1s a vet a still further object of the present mvention to
incorporate, either alone or 1n combination with the trailing
edge flaps, slats on the leading edge of a rotor blade for
enhancing rotor thrust and efficiency. The leading edge slats
being operatively controlled by a BLDC motor based actua-
tor.

It 1s still yet another object of the present mvention to
provide a BLDC motor based actuator that i1s capable of
adjusting the pitch of the rotor blades of a helicopter several
times, for example 2 p-3 p, during a single rotation of the rotor
of a helicopter.

It 1s also an object of the present invention to simulta-
neously reduce the noise and vibration associated with the
rotary blades of a helicopter and to provide PFC.

It 1s also a further object of the present invention to provide
a BLDC motor based actuator that 1s capable of being fully
integrated in the interior profile of the rotor blade and which
1s capable of moving the leading edge slats of the rotor blade
to improve PFC of the entire rotor.

It 1s yet another object of the present invention to simulta-
neously improve PFC and/or HHC using a BLDC based
actuator motor to control leading edge slats and/or trailing
edge flaps on a rotor blade of a helicopter.

These and other objects and advantages of the present
invention are achieved by the present invention that provides
a device for manipulating a blade of a helicopter having a
BLDC motor based actuator; and at least one control surface
operatively connected to the actuator. The actuator and the
control surface are preferably fully integrated 1nto the interior
profile of the rotor blade and are capable of exerting HHC
during operation to reduce noise and vibration and/or PFC.
The BLDC motor based actuator preferably includes a high
power density motor incorporating rare earth permanent
magnets.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates a partial perspective view of a swashplate
of the prior art around the main rotor shaft of a helicopter

FIG. 2a and 2b 1llustrate a swashplate of the prior art at
different orientations to control the position of the rotor blade
of the helicopter;

FIG. 3 1llustrates a perspective view of the rotor blades of
a helicopter having on-board tlaps controlled by the BLDC
motor based actuator of the present invention;

FIG. 4 1llustrates a top view of a helicopter rotor having
on-board flaps and leading-edge slats controlled by the
BLDC motor based actuator of the present invention;
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FIG. 8§ illustrates a BLLDC motor based actuator in accor-
dance with the present invention, the housing of the BLDC

motor based actuator being connected to a roller screw for
converting rotary motion into linear motion to provide the
correct combination of stroke, force and frequency needed to
move the active control surfaces:

FI1G. 6 1llustrates a cross-section view of a BLDC motor of
the present invention;

FI1G. 7 1llustrates a schematic cross-section view of a rotor
blade incorporating the BLDC motor based actuator of FIG.
5 of the present invention;

FI1G. 8 1llustrates a schematic cross-section view of differ-
ent positions of the trailing edge flap being controlled the
BLDC motor based actuator of FIG. 5 of the present mnven-
tion;

FI1G. 9 illustrates a perspective view of the BLDC motor
based actuator of FIG. 5 of the present invention connected to
a trailing edge tlap according to the first embodiment of the
present invention;

FI1G. 10 1llustrates a perspective view of a single rotor blade
having three integral flaps that are each preferably controlled
by independent BLDC motor based actuators of the FIG. S of
the present invention;

FIG. 11 illustrates a perspective view of a BLDC motor
based actuator connected to a trailing edge flap according to
a second embodiment of the present invention;

FI1G. 12 illustrates a perspective view of a the BLDC motor
based actuator connected to a trailing edge flap according to
the third embodiment of the present invention;

FI1G. 13 illustrates a side cross-section view of a rotor blade
having a leading edge slat controlled by a BLDC motor based
actuator of the present mnvention; and

FIG. 14 illustrates a rotor blade of a helicopter having
leading edge slats and trailing edge tlaps controlled by BLDC
motor based actuators of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

For the purpose of promoting an understanding of the
principles of the present invention, reference will now be
made to exemplary, non-limiting embodiments. Referring to
the drawings and 1n particular to FIG. 1, there 1s illustrated a
swashplate of the prior art generally represented by reference
numeral 10. A swashplate 10 1s a mechanical device for
transmitting helicopter rotor control commands from a fixed
frame to a rotating frame in order to control the rotor blades
20, which are connected to the main rotor shaft 15. The
swashplate 10 generally includes a stationary portion 25 and
a rotating portion 30. The stationary portion 25 controls the
angle of the rotating portion 30. The rotating portion 30 of the
swashplate 10 rotates with the main rotor shaft 15 and con-
trols the pitch of the rotor blades 20 by way of blade pitch
links 35.

Generally speaking, incorporation of the swashplate 10
limits the number of independent channels and frequencies at
which the commands can be transmitted to the rotor blades
20. In addition, swashplates 10 also increase aerodynamic
drag, add bulk to the rotor profile and contribute substantially
to the overall weight of the helicopter. FIGS. 2aq and 256
illustrate a swashplate 10 of the prior art at different orienta-
tions to control the position of the rotor blade of a helicopter.

Referring to FIGS. 3 and 4, a helicopter 40 having rotor
blades 45 and trailing edge flaps 50 1s shown. In accordance
with the principles of the present invention, the pitch of the
flaps 30 1s preferably controlled by a BLDC motor based
actuator. The swashplate of the prior art has been eliminated
and replaced by rotor blade tlaps 50 that are controlled by
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BLDC motor based actuators. Although the present invention
1s shown and discussed 1n terms of having trailing edge flaps
50, 1t should be noted, as will be discussed in greater detail
below, that the rotor blades 45 may incorporate, either alone
or 1n combination, leading edge slats 65 which are disposed
on the leading edge 60 of the rotor blades 45. The leading
edge slats 635 are generally used to impart enhanced perfor-
mance by delaying retreating blade stall. Control surfaces
will be used herein to collectively define trailing edge flaps 50
and leading edge slats 60.

As shown 1n FIGS. 5 and 6, the BLDC motor based actua-
tor 72 preferably includes a BLDC motor 70 and a roller/ball
screw for converting and delivering motion to the control
surfaces. Alternatively, the BLDC motor 70 may be opera-
tively connected to a planetary gear set, to drive the control
surfaces with rotary motion. In accordance with the present
ivention and as discovered by the present inventors, the
combination of a high power BLDC motor and a roller/ball
screw permits the BLDC motor based actuator to provide

suificient force, torque, stroke, and frequency (1.€., speed) to
allow the BLDC motor based actuator to be used to control
the helicopter’s PFC 1n combination with 1t’s HHC. More-
over, as shown in FIGS. 9, 11 and 12, for example, the com-
bination of a BLDC high power motor and roller/ball screw
permit the BLDC motor based actuators to generate suificient
force, torque, stroke, and frequency to etlfect the drive of the
control surfaces while still enabling the BLDC motor based
actuator to be a tully integrated system which completely fits
within the interior profile of the rotor blades.

In FIG. 6, the BLDC motor 70 of the present mvention
generally includes a rotor 75, a shaft 80 that 1s operatively
connected to the rotor 75, a stator 835 and a plurality of coils
90. The coils 90 are preferably in close proximity to the stator
835 and permanent magnets 95. The motor 70 preferably has a
stator 85 that 1s external to the magnets 95 when generally
compared to brushed motor configurations.

The coils 90 offer low thermal resistance because they are
preferably closely coupled to the housing 100. The position-
ing of the coils 90 enhances the forced air cooling which 1s
essential when integrating a high power density motor nto
the housing 100. The coils 90 are preferably external to the
permanent magnets 95 and permit a substantial amount of
their surface area to be exposed to air to permit rapid heat
transier. The rapid heat transfer from the coils 90 permits
substantial amount of power to be extracted from the motor
70 when generally compared to a similar motor having inte-
rior coils. The increased power generated by the motor 70
enables increased torque to be transmitted to the linear or
rotary output rod or shait 80.

The permanent magnets 95 are preferably rare earth mag-
nets that generate an increase in energy density. The magnets
95 are characterized by higher magnetic flux density and
much higher coercive field strength or coercivity as compared
to prior art ferro-magnets. Generally speaking, the higher the
remanent magnetic flux density and coercivity, the higher the
energy density of the permanent magnets 95. The increased
power density allows increased power and torque to be
obtained from the BLDC motor 70. The motor 70 preferably
uses Neodymium-Iron-Boron (NdFeB) permanent magnets
although other magnets of similar rare earth metals could also
be used to achuieve a similar high power density, such as
Samarium Cobalt magnets.

Referring to FIG. 7, a schematic view of the blade 45, 1s
shown. As shown, the blade 45 includes a BLDC motor based
actuator 72 that imparts either a rotational or linear motion via
a link 110 to control the movement of the trailing edge tlap 50.
The flap 50 1s positioned on a shaft 1135 to permit rotation
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about the shaft 115 to modily the pitch of the blade 45, as
shown 1n FI1G. 8. As previously described, the actuator 72 and
flap 50 are preferably fully integrated into the interior profile
120 of the blade 45. By being fully integrated into the mterior
profile 120 of the blades 45, the actuators 50 permit optimal
acrodynamic performance and drag reduction.

Referring to FIGS. 9 and 11 through 12, different actuator
configurations and flaps 50 are shown being integrated into
the rotor blade 45. To date, the compact arrangements of the
actuators and flaps 50 have not been possible using other
motor technologies for primary flight control. Specifically,
piezo actuators do not offer the power density necessary to
move the control surfaces to control the helicopter’s PFC.
Other types of actuators cannot deliver the same force and
stroke that 1s possible by the compact BLDC motor based
actuator of the present invention.

In FIG. 9, the actuator 130 1s located parallel to the spar
clement 125 of the rotor blade 45. As generally understood by
one of ordinary skill 1in the art, the spar element 125 1s a
structural member located within the rotor blade 45. As
shown, the actuator 130 1s preferably attached to the spar 125
which enables the spar 125 to provide the stiil back reaction
so that the actuator can deliver the necessary force/torque to
drive the control surfaces. Positioning the actuator 130 proxi-
mate to the spar 125 also ensures that the center of gravity of
the rotor blade 1s toward the forward chordwise portion of
blade 45. As shown, the actuator 130 1s configured as a rotary
actuator that 1s connected to a link 140 such that motion
imparted by the actuator drives the trailing edge tlap 50 such
that it rotates about the shaft 145. The shaft 145 rapidly effects
the deployment of the flap 50 and changes the orientation or
pitch of the blade 45 during 1ts rotation. As shown 1n FIG. 10,
a plurality of flaps 50 may be located on each rotor blade 45
to substantially modify the pitch of the blade 45. Power gen-
erated by the actuator 130 permits multiple pitch changes of
the blade during a single revolution of the helicopter rotor.
Were actuator 130 not capable of generating suilicient torque
accompanied by high speed, multiple pitch changes during a
single rotor rotation would not be possible.

The motor controlled tlaps 50 replace the primary tlight
control (PFC) function of the swashplate and provide the
ability for higher harmonic control (HHC) to the helicopter
40. The PFC relates to the lift of the aircrait that results in the
vertical and translational movement of the helicopter through
the magnitude and tilt of the rotor thrust. Additionally, flaps
motorized 1n accordance with the present invention can
change the individual orientation of the blade 45 at lhigher
harmonics as 1t rotates to improve rotor performance. More-
over, replacement of the swashplate with a compact actuator
system that fits within the mterior profile of the blade reduces
the overall weight of the helicopter by approximately 5%
which permits for a greater range, increased payload and
greater maneuverability of the helicopter.

By controlling the helicopter’s HHC, the motor 70 also
reduces the overall noise and vibration of the helicopter 40.
Helicopter vibration and noise may be caused by factors such
as the interaction of the helicopter’s blades 45 with concen-
trated air disturbances called vorticies that form at the tips of
the blades 45 during rotation. The motors 70 and flaps 50 may
be controlled by sensors on the blades or fuselage 45 so that
the blades are moved 1n such a manner to minimize the
blade’s interaction with such vortices. The decreased blade/
vortex interaction reduces the helicopter’s noise by approxi-
mately 5 dB and the helicopter’s vibration by approximately
80%. The reduction of the vibration contributes to the reduc-
tion of maintenance costs and extends the life of the airframe
and airframe components.
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Reterring to FIG. 11, a second embodiment of the actuator
150 1s shown wherein the BLDC motor based actuator 150
incorporates a linear movement. As shown, the actuator 150 1s
preferably connected to a crank 133 to effect movement of a
link 160 1n a direction perpendicular to the spar 125. The link
160 moves the trailing edge tlap 45 to effect rotation about
shaft 165 in order to change the pitch of the blade 50.

Referring to FIG. 12, a third embodiment of the actuator
170 1s shown wherein the BLDC motor based actuator 170
directly moves the flap 50 such that 1t rotates around the shaft
175 to permit the pitch of the blade 45 to change. In this
embodiment, the motor 1s perpendicular to the spar 125.

Retferring to FIGS. 13 and 14, the BLDC motor based
actuator 180 may also be used to drive leading edge slats 65
located on the leading edge of the rotor blades. To date,
leading edge slats have not been used on helicopters because
their benetits on the retreating side (high 11ft) were negated by
the drag that occurs on the advancing side of the rotor (drag at
high Mach number). Active leading slats have been recently
conceirved as a method to reduce the drawbacks associated
with fixed leading edge slats on helicopter rotors. The active
leading-edge slats are more effective than fixed leading edge
slats because they achieve the high-lift benefits on the retreat-
ing side of the rotor, while reducing the drag penalties on the
advancing side of the rotor. However, the challenge associ-
ated with active leading-edge slats 1s to move them at the
frequency of once per revolution. This 1s a challenge due to
the high loads carried by the leading-edge slat. The high
power density BLDC motor based actuators of the present
invention can meet the force/stroke requirements of active
leading slats. That 1s, the actuators 180 are capable of over-
coming the immense wind pressure on the flaps necessary to
move the leading edge slats 65. Leading edge slats 63, that are
powered by BLDC motor based actuators 180, may signifi-
cantly intfluence PFC of the helicopter and thus enhance tlight
performance. Use of active leading edge slats 65 may also
achieve increased tlight speed by up to 75% in hot/high con-
ditions at maximum gross weight, provide a 40% increase 1n
range, and a 30% increase 1n time on station. These benefits
help achieve and improve hover performance.

The BLDC motor based actuator 180 overcomes the prob-
lems associated with conventional helicopter rotors by sub-
stantially reducing retreating blade stall (RBS) at a given
thrust and speed condition, or conversely, extend the stall
limit to higher thrusts and/or speeds. Minimizing RBS
improves the thrust, speed and maneuverability of a helicop-
ter. The transition between a high lift blade 45 on the retreat-
ing side to a low-drag design on the advancing side of rotor
190 by rotation of the leading edge slat 1s necessary to reduce
drag. The high speed change of slat 65 position requires a
tremendous amount of force 1n a short time period. A BLDC
motor based actuator 1n accordance with the present invention
can provide the necessary required force. Other types of
actuators using different motor technology, as discussed
above, do not provide the power density delivered by the
BLDC based motor actuator 180 and therefore can not gen-
crate the necessary power to move the leading edge slat in the
required amount of time. The ability of the BLDC motor
based actuator to deliver high power density at the leading
edge 1s significant because the PFC characteristics are tre-
mendously impacted.

Referring to FIG. 14, a rotor blade may incorporate, either
singular or 1n combination, leading edge slats 63 and trailing
edge tlaps 50, as shown 1n FIG. 4, wherein each slat/flap 1s
driven by independent BLDC motor based actuators, to opti-
mize rotor performance. The leading edge slats 65 enhance
PFC and reduce RBS to make helicopters more maneuver-
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able. Trailing edge tlaps 50 driven by the BLDC motor based
actuator enhance PFC and HHC to reduce vibration and
noise.

While the instant disclosure has been described with ref-
erence to one or more exemplary embodiments, it will be
understood by those skilled in the art that various changes
may be made and equivalents may be substituted for elements
thereol without departing from the scope thereof. In addition,
many modifications may be made to adapt a particular situa-
tion or material to the teachings of the disclosure without
departing from the scope thereof. Therefore, 1t 1s intended that
the disclosure not be limited to the particular embodiment(s)
disclosed as the best mode contemplated for carrying out this
invention, but that the invention will include all embodiments
falling within the scope of the appended claims.

We claim:

1. A device for manipulating a rotor blade of a helicopter
comprising;

a brushless direct current (BLDC) motor based actuator
which includes a brushless direct current (BLDC) motor
rotationally operable to drive a linkage, and at least one
control surface operatively connected to said brushless
direct current (BLDC) motor based actuator through
said linkage, said brushless direct current (BLDC)
motor based actuator operable to provide Primary Flight
Control (PFC) through said at least one control surface
wherein said brushless direct current (BLDC) motor
based actuator 1s fully integrated into an interior profile
of a rotor blade; and

wherein said linkage includes a roller/ball screw.

2. The device for manipulating according to claim 1,
wherein said brushless direct current (BLDC) motor com-
prises: a rotor, a rotor shaft operatively connected to said
rotor, a stator, coils proximate said stator, and at least one
permanent magnet, said stator external to said at least one
permanent magnet.

3. The device for manipulating according to claim 2,
wherein said at least one magnet rotates on said shait and said
coils are stationary during operation.

4. The device for manipulating according to claim 3,
wherein said at least one magnet 1s a rare earth magnet.

5. The device for manipulating according to claim 4,
wherein said rare earth magnet 1s selected from the group
consisting of neodymium-iron-boron (NdFeB) magnets and
Samarium-Cobalt magnets and any combinations thereof.

6. A device for manipulating a rotor blade of a helicopter
comprising;

a brushless direct current (BLDC) motor based actuator
which includes a brushless direct current (BLDC) motor
rotationally operable to drive a linkage;

at least one control surface operatively connected to said
brushless direct current (BLDC) motor based actuator
through said linkage, said brushless direct current
(BLDC) motor based actuator operable to provide
higher harmonic control (HHC) through said at least one
control surface wherein said brushless direct current
(BLDC) motor based actuator 1s fully integrated into the
interior profile of a rotor blade;

a linkage operatively connected to said actuator and said
control surtace; and

wherein said brushless direct current (BLDC) motor com-
prises a rotor, a rotor shaft operatively connected to said
rotor, a stator, coils proximate said stator, and at least one
permanent magnet, said stator external to said at least
one permanent magnet.
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7. The device for manipulating according to claim 6,
wherein said at least one permanent magnet rotates on said
shaft and said coils are stationary during operation.

8. The device for manipulating according to claim 6,
wherein said at least one magnet 1s a rare earth magnet.

9. The device for mampulating according to claim 8,
wherein said at least one rare earth magnet 1s selected from
the group consisting of neodymium-iron-boron (NdFeB)
magnets and samarium-cobalt magnets and any combinations
thereof.

10. A device for independently manipulating each of the
rotor blades of a helicopter, each of the rotor blades having a
to a surface, a bottom surface, a leading edge, a trailing edge
and an interior profile defined by said top surface, said bottom
surface, said leading edge, and said trailing edge, said device
comprising;

a plurality of control surfaces operatively connected to

each of the rotor blades;

cach of said plurality of control surfaces operatively con-
nected to a brushless direct current (BLDC) motor based
actuator which includes a brushless direct current
(BLDC) motor and a linkage such that rotation of said
brushless direct current (BLDC) motor moves said con-
trol surface through said linkage to provide primary
tlight control (PFC), each of said brushless direct current
(BLDC) motor based actuators fully integrated into the
interior profile of a rotor blade; and

wherein said brushless direct current (BLDC) motor
includes a rotor, a rotor shaft operatively connected to
said rotor, a stator, coils proximate said stator, and at
least one permanent magnet, said stator external to said
at least one permanent magnet.

11. The device for manipulating according to claim 10,
wherein said plurality of control surfaces are tlaps on the
trailing edge of each of the rotor blades.

12. The device for manipulating according to claim 10,
wherein said at least one magnet 1s a high power density
magnet selected from the group of materials consisting of
neodymium-iron-boron (NdFeB) magnets and samartum-co-
balt magnets and any combinations thereof.

13. A rotor blade comprising:

a control surface;

a brushless direct current (BLDC) motor, said brushless
direct current (BLDC) motor fully integrated within an
interior profile of the rotor blade, said brushless direct
current (BLDC) motor includes a rotor, a rotor shatt
connected to said rotor, a stator, coils mounted to said
stator, and at least one permanent magnet which rotates
with said shaft, said stator external to said at least one
permanent magnet; and

a linkage rotated by said shaft to move said control surface,
said linkage fully integrated within said interior profile

of the rotor blade.

14. The rotor blade according to claim 13, wherein said
coils are rotationally stationary.

15. The rotor blade according to claim 13, wherein said
control surface 1s a tlap on a trailing edge of the rotor blade.

16. The rotor blade according to claim 13, wherein said
control surface 1s a slat on a leading edge of the rotor blade.

17. The rotor blade according to claim 13, wherein said
linkage 1ncludes a roller/ball screw.
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